INTRODUCTION
for excess of carbon intermediates (Rosenstiel et al., 2004) or photosynthetic energy (Sharkey and Yeh, 2001 ).
Intraday variations of isoprene emissions can be explained by the synthesis of isoprene synthase (ISPS) substrates, mainly originating from recently fixed CO 2 (Schnitzler et al., 2004) , and by the temperature dependence of ISPS activity and other enzymes of the plastidic DOXP (1-deoxy-D-xylulose 5-phosphate)-pathway (Brüggemann and Schnitzler, 2002; Wolfertz et al., 2003) thus reflecting the temperature response of isoprene emission (Monson et al., 1992) .
Sparse information is present on the regulation of genes related to isoprene biosynthesis.
There are indications that light and temperature stimulate gene expression of 1-deoxy-Dxylulose 5-phosphate synthase (DXS, the starting enzyme of the DOXP-pathway, (Sprenger et al., 1997; Eisenreich et al., 2001 ), 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR, the first committed enzyme of this pathway (Takahashi et al., 1998) , proposed to be one of its regulating key (Carretero-Paulet et al., 2002) , and ISPS (Carretero-Paulet et al., 2002; Hsieh and Goodman, 2005; Sasaki et al., 2005) . A recent study shows in poplar a partial correlation of ISPS gene expression and enzyme activity during the season (Mayrhofer et al., 2005) . Diurnal variations of PcISPS and PcDXR (Mayrhofer et al., 2005) gene expression were also reported, expression peaking in the morning for PcISPS and afternoon for PcDXR. However, no information exists on the factor(s) responsible for these diurnal changes and whether circadian components are involved in that regulation.
In the present work we tried to answer the questions whether (i) diurnal variations of isoprene emission and PcISPS expression are due to a circadian regulation or simply related to light cycles fluctuating day-night conditions and whether (ii) other isoprenoid biosynthesis related genes follow a similar expression pattern. Hence we measured isoprene emission, ISPS activity and protein content, as well as gene transcript levels of PcISPS, PcDXR and phytoene synthase (PcPSY) in Grey poplar (Populus x canescens) shoot cultures under different light regimes. These activities were accompanied by the isolation and analysis of day. Diurnal fluctuations were also detected under short day conditions (8/16 light/dark; data not shown). Each gene presents a distinct pattern.
PcISPS transcript level appeared to be high rather in the morning ( Figure 1A ). PcDXR expression ( Figure 2A ) seems to peak later in the afternoon. The expression levels of PcPSY ( Figure 3A ) tend to peak in the morning, to go down at midday and to exhibit a second, less intense, peak in the evening. These three day experiments also showed the repeatability of these diurnal variations, underlined by the stable conditions within our climate chambers.
As all three studied genes showed diurnal variations in their expression level, the hypothesis of a circadian element involved in their transcriptional regulation was tested by placing the poplar shoot cultures in either continuous light (LL) or continuous darkness (DD), and sampling over three days.
A striking feature was the dramatic decrease of the level of expression when the plants were placed in continuous darkness (Figures 1C, 2C and 3C) . No significant fluctuation was observed under these conditions.
Under continuous light two patterns of expression were revealed, namely no significant variations in the level of transcription for PcDXR ( Figure 2B ) but rhythmic fluctuations for both PcISPS ( Figure 1B) and PcPSY ( Figure 3B ).
For PcISPS (Figure 1B) , the mean transcript levels were clearly higher (about twice) under continuous light than under LD light periods ( Figure 1A ) for both experiments, confirming light as an enhancer of this gene expression. For PcPSY (Figure 2A and B) however the expression level was equivalent under LD and LL conditions. Therefore, if light is essential to trigger the expression, it may not be the only regulating factor for PcPSY. The most obvious feature of PcISPS and PcPSY expression levels are their rhythmic fluctuations. To identify possible circadian rhythm the values of expression were relativized (minimum value brought to 0, maximum to 1), the mean on the six values of the two experiments was calculated and these fluctuations were tested against a sinusoidal curve. The results obtained are represented in Figures 1D and 3D 
Isoprene synthase protein concentration and activity and isoprene emission under different light regimes
As we observed a circadian regulation of the level of transcript for PcISPS we wanted to check if these variations were also present at the level of the PcISPS protein concentration, of its activity and finally of the emission of isoprene, knowing that emission shows daily variations under day-night cycles (Mayrhofer et al., 2005) .
The results of protein concentration and enzyme activity measurements are presented in Figure 5 for the three light regimes tested Figure 5A ) it seemed that during the late night both protein concentration and enzyme activity are slightly going down. However, these variations are not significant and could not be observed in the second experiment ( Figure 5B ). Globally we observed a tendency for both activity and protein concentration to peak around midday, but no clear pattern could be statistically extracted. In addition, under LL conditions enzyme activity and protein levels of ISPS seem to increase over time (Fig. 5C, D) .
Another interesting feature is the correlation between protein level and PcISPS activity when both experiments are analyzed separately, the activity/protein ratio being indeed lower in the second experiment ( Figure 5B , D and F) than in the first one ( Figure 5A , C and E Figure 6A and B (first 48 hours) for representative samples, being low overnight and high and stable over the day. When the shoots were placed in continuous darkness ( Figure 6B , after the 48 first hours) isoprene emission dropped down very fast after switching off the light and subsequently declined with a slower rate over the following three days. This is not surprising, as gene expression, protein concentration and enzyme activity are all switched down under such conditions. Remarkably, isoprene emission of the shoot cultures does occur, even if at low rate, under darkness. Under continuous light ( Figure 6A , after the 48 first hours) we detected fluctuating isoprene emission rates with a 24 hours period between two peaks, therefore defining a circadian rhythm. Figure 6C It is obvious that addition of H 2 O onto the agarose surface, even without touching the leaves and disturbing the gas flow, reduced isoprene emission rate. Gas exchange analysis of culture glasses after removal of the green tissue parts (stem and leaves) revealed that isoprene emission (background) was approx. 10% of the initial values.
Circadian regulation of the PcISPS gene promoter
To get more insight into the circadian regulation of PcISPS we isolated the promoter region of this gene by gene walking and primers designed for putative sequences available in the poplar genome databank and other data bases ( Figure 7 ). The isolated sequence (Acc. No.
AJ294819) of 1612 bases (1434 in front of the ATG codon) was aligned with the putative sequence from Populus trichocarpa (obtained from the draft genome) and with the published sequence from P. tremuloides (Acc. No. AY341431). This alignment explains the failure of some forward primers designed according to the P. trichocarpa sequence and extending on variable regions. In general the different sequences show a high degree of similarity (on the common parts), ranging from 90% between the P. x canescens and P. trichocarpa to 94%
between P. x canescens and P. tremuloides, respectively. However, some small regions are diverging because of gap/insertions.
Regulative elements were searched within the P. x canescens promoter sequence. Putative TATA and CAAT boxes are first indications of the functionality of this sequence, TATA boxes being one type of core-promoter elements essential for transcription initiation (Roeder, 1996) .
Using the databases plantCARE (Rombauts et al., 1999) and PLACE (Higo et al., 1999; Prestridge, 1991) , many putative regulative sequences were identified, particularly light, heat stress and circadian related ones. Moreover, two circadian elements (AAAAATCT) nearer to the start codon, were found that are known to be recognized by LHY (late elongated hypocotyl) and CCA1 (circadian clock associated 1), two regulation factors enhancing the morning expression of genes with such promoter elements (for review see Devlin, 2002) . In particular this finding corresponds to the observation of the early expression of PcISPS in
To prove the functionality of the cloned putative promoter, it was fused to the reporter genes coding for the enzyme β-glucuronidase (GUS) and the enhanced green fluorescent protein (E-GFP). This construct was then introduced into Arabidopsis thaliana and the reporter genes were expressed in the transgenic plants (data not shown), testifying that PcISPS promoter is active in Arabidopsis plants. compounds such as isoprenoids requires carbon pools. As carbon fixation occurs during daylight, the observed diurnal variations in isoprenoids biosynthesis-related genes appear logical. It had even been shown that 75% of the carbon used to produce isoprene in poplar leaves come directly from photosynthesis (Schnitzler et al., 2004 In our data mRNA undergoes rapid damping after plants were transferred to darkness. most appropriate housekeeping gene in this species, under the tested conditions (Brunner et al., 2004) . Concerning potential daily fluctuations of TUB transcript abundance, they had already been observed in developing tomato fruit (Piechulla and Gruissem, 1987) but were not characterized in poplar. In the present study TUB transcript levels in poplar displayed low but obvious diurnal fluctuations with the tendency to increase during the night. Although the span of transcript levels variation of PcTUB was approx. 25% of the span of isoprene biosynthesis related genes and therefore does not influence much the last ones when used for normalization, TUB as housekeeping gene may not be the most appropriate, in particular when different time points during the day or different light regimes are to be studied.
Absence of correlation between PcISPS gene expression level and PcISPS protein/activity detected at the daily level was also observed at the seasonal level (Mayrhofer et al., 2005) .
The discrepancy between protein quantity and activity indicates that not only the PcISPS concentration determines overall PcISPS activity. As already proposed in Mayrhofer et al. (2005) at the level of seasonal variations, a post-translational regulation of the PcISPS protein may exist that would present at least two forms with different activities. However, the factors involved in this third level of regulation are still to be discovered in future experiments.
In "field" conditions, isoprene emission from poplars was known to present daily variations, linked to temperature and light intensity (Mayrhofer et al., 2005) . Our results on poplar shoot cultures grown under controlled conditions confirm this by showing that during night isoprene emission of the shoots is indeed dramatically reduced but not zero. Moreover, if we consider the emission observed under continuous darkness (wrapped culture glasses in an enlightened chamber), it appears to be low but not as low as during a real night (whole chamber put in darkness). An explanation for this 'higher' emission in the shoot cultures could be the higher temperature maintained in the wrapped pot in comparison to pots in dark chambers (2-3°C more). Even if the effect of temperature was not the scope of our study, it should not be forgotten as an important factor influencing isoprene emission. Besides, as in darkness no new carbon is fixed, this continuous emission of isoprene testifies for another carbon source than photosynthesis. The plants were grown on MS medium, which contains sucrose. These artificial growing conditions (compared to soil) could therefore explain this unusual nightly emission of isoprene, the sucrose being a potential carbon source. However, an experiment with 13 C labeled carbon would be necessary to confirm or infirm this hypothesis. The low, but clear, variations of emission rate under continuous light present a circadian periodicity and therefore testify for a clock element controlling isoprene emission. It is surprising that the first level of regulation of isoprene emission, namely the expression rate of its synthesizing enzyme gene, and the emission itself present circadian rhythms, when neither the PcISPS protein level nor its activity display significant diurnal variations.
Therefore, the observed fluctuations of emission do not seem to be due to PcISPS level variations. It is well documented that numerous genes and proteins involved in photosynthesis are clock regulated, as is fixed carbon allocation itself (Harmer et al., 2000) .
As recently fixed carbon is the major pool used to produce isoprene in Grey poplar (Schnitzler et al., 2004) All experiments were repeated twice. Each sample consisted of all the leaves of one shoot.
Nine containers (3 containers per day over 3 days) were necessary per condition (long day, continuous darkness, continuous light) for the circadian experiment. For all the experiments plants were placed in tested conditions at 22:00 the day before first sampling.
For all experiments samplings were done at 5:00 (one hour before the end of the standard night), 7:00, 14:00, 22:00 (just before start of the standard night) and 00:00. For the darkness condition, containers were opened and samples were taken under red light. All samples, consisting in all leaves of one shoot, were immediately frozen in liquid nitrogen and stored at -80 °C.
DNA sequencing
For identification of PcISPS promoter, cycle sequencing dideoxy chain termination reactions with Big Dye Terminators (PE Applied Biosystems, Weiterstadt, Germany) were performed for both cDNA strands of all DNA segments investigated, using universal forward and backward primers (Invitrogen) or sequence specific oligonucleotides. The sequences were analysed by using an ABI PRISM-System 310 (PE Applied Biosystems).
To verify the specifity of primers on experimental cDNA, sequencing of purified products of the Real-Time PCR was done by MWG Biotech AG (Martinsried, Germany) using the same specific forward and backward primers as for quantitative RT-PCR.
Isolation of PcISPS promoter sequence
As the P.x canescens ISPS gene sequence (Acc. No. AJ294819) displays only 56 bases identified in front of the start codon, it was not possible to use it directly to find indications on the putative promoter sequence within the genome sequence of P. trichocarpa (URL:
http://genome.jgi-psf.org/Poptr1/Poptr1.home.html). Therefore, the PcISPS sequence was 
RNA isolation and cDNA synthesis
Total RNA from frozen poplar leaves was isolated with Qiagen RNeasy Minikit (Qiagen) following the Qiagen standard protocol. Amount and purity of isolated RNA was determined with NanoDrop® ND-1000, full spectrum spectrophotometer having very high accuracy. The absorbance ratio 260/280 nm testified for very pure RNA, the mean of the samples ± SD being 2.116 ± 0.037.
For first strand cDNA synthesis 3 µg of total RNA were reverse transcribed using oligo (dT) primers and Superscript II reverse transcriptase (Invitrogen) in a total volume of 20 µL according to the manufactory protocol. cDNA was stored at -20 °C prior to analysis.
Quantitative RT-PCR
For quantitative PCR measurements of transcript levels two to three primers pairs were template. Their sequences are: for PcISPS: forward 5' ttt gcc tac ttt gcc gtg gtt caa aac 3' and reverse 5' tcc tca gaa atg cct ttt gta cgc atg 3'; for PcDXR: forward 5' gca tat gtc ttt tcc agc ttc tat tgc 3' and reverse 5' gga ata gta ggt tgc gca ggc 3'; for PcPSY: forward 5' atg cat cac ata tca cac cca aa 3', reverse: 5' ctc cta gca tct tct cca aca tct c 3'; for PcTUB (poplar β-tubuline (Acc. No. AY353093): forward 5' gat ttg tcc ctc gcg ctg t 3' and reverse primer 5' tcg gta taa tga ccc ttg gcc 3'. The resulting PCR segment lengths were 197 bp (PcISPS), 66 bp (PcDXR), 379 bp (PcPSY), and 151 bp (PcTUB) respectively. As a fluorescent marker for the increasing amount of double-stranded DNA SYBR Green was used. The assays contained 12.5 µl 2 x SYBR Green PCR Master Mix (Applied Biosystems), 300 nM of each primer and 5 µl of total cDNA (diluted 5 times) in a final volume of 25 µl. After a "hot start" (10 min, 95°C), 45 PCR cycles were performed with a 15 s melting step at 95°C and a 1 min annealing/extension step at 60°C on a GeneAmp R 5700 Sequence Detection System (Applied Biosystems). The transcript levels were related to the quantity of RNA used for the reverse transcription. The transcript levels were calculated by the Ct method with standard curve under the GeneAmp R 5700 Sequence Detection System software. To verify the amplification of the correct genes from poplar cDNA all amplicons were purified from 0.8% agarose gels and sequenzed.
Determination of PcISPS activity
Isoprene synthase activity was assayed as previously described by Mayrhofer et al. (2005) . Samples were loaded on a 6% DNA retardation gel (Invitrogen, Carlsbad, CA, USA). DNA and protein were then semi-dried transferred fro half an hour at 300 mA to a nylon membrane (Qiabrane Nylon Plus, Qiagen).
Analysis of isoprene emission with proton-transfer-reaction mass spectrometry (PTR-

MS)
The measurements of isoprene emission from shoot culture containers was performed with an adapted head space analysis system using on-line proton transfer reaction mass spectrometry (PTR-MS), a combination of a proton transfer reaction drift tube and a quadrupole mass spectrometer. The instrument allows a fast detection of most volatile organic compounds (VOC) in combination with low detection limits (10-100 pptv) (for details see Lindinger et al., 1998; Schnitzler et al., 2004; Tholl et al., 2006) . The measurements were performed on two gas-tight culture containers in parallel, each containing 6-7 cell cultured shoots aged 6 -8 weeks partially with a developed root system. Clean air adjusted to a dew point of 28 °C was flushed at 500 mL min -1 into the containers and from the outlet air 100 mL min the leaves nor interfering with gas exchange (low changes of the pressure in the containers) at the beginning (50 mL) of and once during (30 mL) the experiment. Temperature was measured continuously inside containers with thermocouples.
The first 24 -48 hours of the experiments were used to flush excess of isoprene previously accumulated in the containers during the development of the plants and to let the plants adapt to the constant gas stream. After the isoprene level appears stable, isoprene emission was measured over a LD day-night cycle. At 22:00 of the following day one container was placed in continuous light and the other in continuous darkness (covered with aluminum foil) and emissions were measured during three virtual day-night cycles.
For calibration of the PTR-MS a gas standard (Apel-Riemer, Denver, USA) with a continuous flow (20 mL min -1 ) of a mixture of volatile compounds including isoprene at 1.05 ppmv, was diluted into the gas stream of 500 mL min -1 and flushed through an empty container for half an hour at the beginning and at the end of the experiments. Because the sensitivity of the PTR-MS went slightly down during the measuring period, the standard curve for isoprene through the experiment was corrected according to the declining signal of the primary ion (mass 21, deuterium isotope of H 3 O + ). In the end of the experiments isoprene emission from agar and roots (green material removed) was measured and these background values were subtracted from previously measured global isoprene emissions.
Statistical analysis
Statistical and correlation analysis was performed with SPSS for Windows NT (release 8.0.0) and SigmaPlot for Windows (Version 9.0), both programs from SPSS Inc., Chicago, USA. 
